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Abstract. The increase in construction activities due to economic and population growth has 
led to the higher demand and utilization of cement. But cement production leads to the 
pollution of the environment. Consequently, this study examines the utilization of both ground 
granulated blast furnace slag (GGBFS) and corncob ash (CCA) as source materials in the 
production of geopolymer concrete (GPC). GGBFS was replaced by CCA in 0%, 20%, 40%, 
60%, 80% and 100% respectively using Grade 30 (M30) mix design proportion. Alkaline 
liquids were prepared to obtain 14 molar concentrations and used to activate the source 
materials. Slump, density and compressive strength of GPC were determined and compared 
with Portland cement concrete (PCC). The research findings indicate that GPC has higher 
compressive strength than PCC.  Based on the relationship between the compressive strength 
and the density, a model equation is established. And the equation is used to predict the 
compressive strength of GPC with respect to the density. Reprocessing of CCA and GBFS as 
emerging low-carbon footprints appears to be a feasible solution to the problem of 
environmental pollution.   
Keywords: geopolymer concrete; corncob ash, ground granulated blast furnace slag; 
regression model; alkaline liquids; compressive strength 
 
1. Introduction  
Portland limestone cement has been the most widely used conventional binder in the construction 
industry particularly, in developing countries. Presently, while the utilization of cement is reducing in 
the major consuming nations such as China, India, Brazil, Turkey and Russia [1], the utilization of 
cement in Nigeria is increasing with 31.25 million metric tons per annum (MMTPA) and a total 
equipped production quantity of 45 MMTPA [2] compared with the annual utilization of 19.5 million 
metric tons in 2009[3].  Consequently, there has been an increase in ecological imbalance as a result of 
Portland limestone cement production. The production of Portland limestone cement emanates carbon 
dioxide (CO2) and other greenhouse gases. In 2002, Malhotra reported that one ton of Portland cement 
production emits of a ton of CO2, and also, contributes 7% of the total greenhouse gas emissions to the 
earth’s atmosphere [4].  
In 2017, the United Nations Statistics Division Sustainable Development Goals reported that in 2014, 
9 in 10 residing in urban areas breathed air which did not conform to World Health Organizations air 
quality guidelines as a result of greenhouse gases and CO2 to the atmosphere [5]. These greenhouse 
gases lead to increase in global warming; increase in environmental damage; increase in respiratory 
diseases such as asthma and pulmonary ossification, lung cancer; kidney failure and other serious 
diseases to humans [6]. Therefore, safety, inclusiveness, resilience, and sustainability of cities and 
human settlements depend on the alternative utilization of Portland limestone cement in the production 
of conventional concrete in the construction industry [5] [7]. One of these alternatives is geopolymer 
concrete which does not use any Portland limestone cement in its production process and the materials 
are pozzolanic which are supplementary cementitious materials and they include ggbfs, cca, 
metakaolin, and fly ash [8-12]. Comparing with Portland cement production, Davidovits stated that 
there is 70-80% less CO2 emission and 43-59% less energy required in the production of geopolymer 
cement (slag byproduct) [13]. Geopolymer concrete is an eco-friendly, emerging and innovative binder 
produced by a polymeric reaction of silica and alumina present in the source materials inducting or 
activating by alkaline liquids to dissolve and form a geopolymeric gel or paste.  
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In 2017, the United States Department of Agriculture reported that Nigeria alone produced 7.20 million 
metric tons of corn in 2016/2017 calendar year [14]. Similarly, crude steel production in Nigeria was 
0.3 million tons in 2016 while the consumption is above 20 million per annum [15]. It is obviously 
known that these industrial and agricultural products are treated as waste products. The global output 
of blast furnace slag in 2014 based on the production level of crude iron and steel was estimated to be 
300 million metric tons – 350 million metric tons [16]. GGBFS is a by-product of steel and iron 
production and during the process, slag is formed, dried and ground. 
Therefore, this study is significant because it removes high elevated temperature curing regime of fresh 
geopolymer concrete which is not economical and practicable in the construction field. The utilization 
of both GGBFS and CCA as source materials allows the fresh GPC to be cured at ambient conditions. 
Sodium silicate gel and sodium hydroxide solution were utilized as alkaline liquids. And the ratio of 
sodium silicate-to-sodium hydroxide solutions was chosen as 2.5 based on the relevant studies [9] [17]. 
The 14 molar concentrations were adopted because higher molar concentrations result in higher 
mechanical strength performance [17] [18]. In addition, percentage replacement levels were selected 
based on the applicable studies that replacement of cement with CCA at 20-30% is feasible with 
compressive strengths for structural applications [19-22]. Furthermore, weaknesses in the design of 
GPC mix design were removed because density and aggregates are normally assumed without 
considering the water absorption capacity, specific gravities, and the moisture contents of materials 
used. 
 
2. Materials and Methods 
2.1. Materials 
Dangote 3X Portland limestone cement Grade 42.5R and aggregates were used and sourced from 
dealers in Ota, Nigeria. Russian made sodium hydroxide (NaOH) pellets with 99% purity, sodium 
silicate (Na2SiO3) gel, and the naphthalene-based superplasticizer (Conplast- SP 430) were also used 
and obtained from chemical dealers in Lagos, Nigeria. Water from laboratory source was used. 
Corncobs were got in Agbonle, Oyo State, Nigeria. And burnt by an open burning method in order to 
replicate the local production. The ash was then dried, ground, and sieved with BS sieve 90 µm. GGBFS 
was obtained from Dolphin Steel (Nigeria) Limited, Papalanto, Nigeria. It was dried, ground, and sieved 
with BS sieve 90 µm. The chemical compositions of both GGBFS and CCA were analyzed using X-
Ray Fluorescence (XRF) at Sagamu plant of Lafarge Holcim Plc., Nigeria. The results of chemical 
compositions are presented in Table 1. 
Table 1 Chemical compositions of GGBFS, CCA and cement 
Composition CaO SiO2 Al2O3 Fe2O3 SO3 MgO Na2O M.C LOI 
GGBFS (%) 36.52 35.77 14.11 0.92 1.08 9.45 0.30 0.52 0.32 
CCA (%) 
Cement (%) 
12.62 
62.85 
60.50 
21.24 
11.78 
4.95 
9.13 
3.95 
1.25 
1.63 
1.23 
1.97 
0.65 
0.42 
1.25 
- 
0.49 
2.72 
Notes: M.C (Moisture Content); LOI (Loss of Ignition) 
 
2.2. Experimental methods 
2.2.1 Design of concrete mix proportion 
Both the Portland cement concrete and the geopolymer concrete mix proportions were designed in 
accordance with the American Concrete Institutes [23-24], taking into considerations, moisture 
contents, specific gravities, and water absorption capacities of the constituents used. Moreover, both 
fine aggregate (FA) and coarse aggregate (CA) were used at the saturated surface dry (SSD) conditions. 
The superplasticizer (Conplast SP-430) was added by 1.5% of the cementitious materials by mass. This 
was in accordance with the findings that 1.5% of the naphthalene-based superplasticizer by mass of the 
cementitious materials achieved the highest compressive strength of GPC [25-26]. The results of the 
volumetric computations for both PCC and GPC are presented in Table 2 and Table 3 respectively. 
Furthermore, PCC, 100% GGBFS + 0% CCA, 75% GGBFS + 25% CCA, 50% GGBFS + 50% CCA, 
25% GGBFS + 75% CCA, and 0% GGBFS + 100% CCA were denoted as control experiment, GPC 1, 
GPC 2, GPC 3, GPC 4, GPC 5, and GPC 6 respectively. 
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Table 2 Volumetric computation of M30 PCC 
S/N Constituent Weight 
(Kg/m3) 
Specific 
Gravity 
Absolute Volume          
(M3) 
Adjusted 
Volume (M3) 
Ratio 
1 
2 
3 
4 
5 
6 
Cement 
FA (SSD) 
CA (SSD) 
Water 
Air content 
SP-430 
Total 
390 
675 
1031 
204.15 
2.00 
5.85 
2306 
3.15 
2.60 
2.64 
1.00 
- 
1.20 
0.124 
0.260 
0.390 
0.204 
0.020 
0.005 
1.004 
0.124 
0.259 
0.388 
0.204 
0.020 
0.005 
1.000 
1.00 
2.09 
3.13 
1.65 
- 
0.04 
7.91 
The mix ratio for PCC was 1: 2.09: 3.13 
 
Table 3 Volumetric computation of M30 GPC 
S/N Constituent Weight 
(Kg/m3) 
Specific 
Gravity 
Absolute Volume          
(M3) 
Adjusted 
Volume (M3) 
Ratio 
1 
2 
3 
4 
5 
6 
7 
GGBFS/CCA 
FA (SSD) 
CA (SSD) 
NaOH solution 
Na2SiO3 solution 
Conplast SP-430 
Air content 
Total 
390 
675 
1031 
60 
150 
5.85 
2.00 
2306 
2.90 
2.60 
2.64 
1.49 
1.60 
1.20 
- 
0.134 
0.260 
0.390 
0.040 
0.094 
0.005 
0.020 
0.943 
0.142 
0.276 
0.414 
0.042 
0.100 
0.005 
0.021 
1.000 
1.00 
1.94 
2.92 
0.30 
0.70 
0.04 
- 
6.90 
The mix ratio for GPC was 1: 1.94: 2.92 
 
2.2.2 Preparation of alkaline liquids 
The sodium hydroxide (NaOH) solid pellet (400g) was measured and dissolved in 600g of clean water 
based on the 14 molar concentration. This resulted in 1000g of sodium hydroxide solution [27]. The 
water-to-geopolymer ratio was 0.25. This solution was prepared 24 hours prior to casting in order to 
cool down the exothermic reaction of the solution. Thereafter, NaOH solution was added to Na2SiO3 
solution two hours prior to casting of concrete in order to enhance its performance for a better result. 
 
2.2.3 Mixing and casting 
The dry constituents were mixed for about four minutes. The liquid components of the mixture were 
then added to the dry constituents and thoroughly mixed for another four minutes. The fresh concrete 
was cast manually, filled in the moulds, and compacted accordingly. The fresh mix and slump test of 
GPC are shown in Figure 1. The slump test was carried out in accordance with the British Standards 
[28]. After 24 hours of casting, PCC specimens were demoulded and immersed in water curing tank 
until testing day while GPC specimens were kept in rest period for 72 hours before being demoulded to 
allow for proper polymerization. The curing was done at the temperature (22 ± 30C) and the relative 
humidity (60 ± 5%). 
 
 
            
                                (a) Freshly mixed GPC                                 (b) Slump test 
Fig. 1 Fresh mix and test on the fresh concrete 
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2.2.4 Tests on the hardened concretes 
Both the compressive strength and the density tests were carried out on the hardened concretes using a 
digital 2000 KN capacity compressive machine and a digital weighing balance, and the summary is 
presented in Table 4 while the results are shown in Figure s respectively.  
 
Table 4 Summary of specimens’ tests and curing days 
Test Specification No of tested 
Samples/mix 
Sample size 
(mm) 
Curing 
(day) 
Compressive strength 
Dry density 
British Standards[29] 
British Standards[30] 
3 cubes 
3 cubes 
150 × 150 × 150 
150 × 150 × 150 
7 and 28 
7 and 28 
 
 
      
                        (a) Compressive strength test                    (b) Density test 
Fig. 2 Tests on the hardened concrete 
 
3. Results and Discussions 
3.1. Chemical compositions of GGBFS, CCA and cement 
 
The chemical compositions of the GGBFS used as presented in Table 1 met the requirements of British 
Standards [31] which specified that CaO+MgO+SiO2 ≥ 66.7; (CaO+MgO)/SiO2 ≥ 1.0; and CaO/SiO2 
≤ 1.4. The SO3, MgO, and LOI also met the maximum requirements of 2.5%, 14.0%, and 3.0% 
respectively. Moreover, chemical compositions of CCA used met the requirements of American Society 
for Testing and Materials C [32] which states that SiO2 + Al2O3 + Fe2O3   > 70%. Similarly, SO3, 
MgO, and LOI also satisfied the maximum requirements of 4%, 4%, and 10% respectively. In addition, 
chemical compositions of cement used satisfied the requirements of British Standards [33] which 
ranged the contents of SiO2, Al2O3, Fe2O3, and CaO as 18.0-24.0%, 2.6-8.0%, 1.5-7.0%, and 61.0-
69.0% respectively.  
3.2. Slump 
Figure 3 shows the slump values for each mix proportion. The results indicate that slump value increases 
as the percentage replacement level of CCA increases. This is in agreement with the various findings 
that pozzolanic materials improve the workability of fresh concrete [34-36]. In addition, GPC extracts 
water from the reaction because it takes no part in the polymerization process. And during the curing 
process, the water is expelled from the geopolymer paste through nano-pores in the matrix [37]. 
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Fig. 3: Slump values (mm) for each mix proportion 
3.3. Density 
The density of PCC from Figure 4 ranges from 2401 kg/m3 in 7 days to 2371 kg/m3 in 28 days. The 
density slightly decreases with ages as a result of the hydration that takes place in the concrete.  A 
similar pattern was noticed for GPC with a density ranging from 2410 kgm3 in 7 days to 2100 kgm3 in 
28 days. It was observed that the addition of more CCA decreases the density in the GPC mix. This was 
as a result of the specific gravity of CCA which was less than that of GGBFS [38]. 
 
Fig. 4: Density (kg/m3) of PCC and GPC 
 
3.4. Compressive strength 
The comparison of the GPC with PCC at both 7 and 28 days curing from Figure 5 indicates that the 
compressive strength of GPC increases with CCA up to 40% replacement level and then at 60% CCA 
substitution, the strength decreases. Thus, 40% CCA replacement seems to be the optimal limit with 
compressive strength of 38.40 MPa for GPC when compared with 33.12 MPa for PCC at 28 days curing. 
Similarly, there is an increase in compressive strength by 22.92%, 17.96%, and 8.5% with GPC 1, GPC 
2, and GPC 3 respectively when compared with the control concrete (PCC). The reactive presence of 
calcium-silicate-aluminate-hydrate (C-S-A-H) in the geopolymer paste and the continued-longer period 
of polymerization process contribute to the increase in both early and later strengths of GPC compared 
with PCC [ 39-42]. However, there is a decrease in compressive strength by 4.68%, 29.55%, and 
48.31% with GPC 4, GPC 5, and GPC 6 respectively when compared with the control concrete (PCC). 
The decrease in compressive strength may be attributed to the reduction in the GGBFS’s glassy content 
which reduces the CCA dissolution and retards the reaction product formation in ambient curing [37] 
[43-45]. 
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Fig. 5 Compressive strength (MPa) of PCC and GPC 
 
3.5. Relationship between the compressive strength and the density of the GPC 
 
Minitab 17 was used to examine the relationship that occurs between the compressive strength and the 
density of the GPC. Quadratic regression model of fitted line plot was engaged. And the results of 
regression equations at the end of 7 and 28 days curing are presented in Figure 6 and Figure 7 
respectively. The coefficients of determination (R2) based on the compressive strengths are 97.6% and 
96.7% for density at 7 and 28 days respectively. These indicate that the models are 97.6% and 96.7% 
significantly fit to predict the relationship. And the model equations can be 95% confident that the 
actual values of the compressive strength will fall within the predicted values of density at 95% 
confidence levels. Moreover, the sequence analysis of variance tables for these models indicate that F 
is 0.57 and P is 0.507 while F is 0.01 and P is 0.914 for both 7 and 28 days relationships respectively. 
Based on the level of significance (α) of 0.05, it is revealed that P-values > α. Thus, it is deduced that 
density has no zero coefficient. The ratio of variation in the response variable explained by the equation 
to variation left unexplained is referred to as F while P-value denotes a probability that the samples of 
the property data would have been obtained if the regression coefficients were all equal to zero. 
 
 
Fig.6: Relationship between the compressive strength and the density at 7 days 
PCC GPC 1 GPC 2 GPC 3 GPC 4 GPC 5 GPC 6
7-Day 20.42 33.33 28.79 24.35 21.04 18.39 14.03
28-Day 35.12 45.57 42.81 38.4 33.55 27.11 23.68
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Fig.7: Relationship between the compressive strength and the density at 28 days 
 
4. Conclusion 
 
Geopolymer concrete shows a higher compressive strength when compared with the Portland cement 
concrete. Comparing with the PCC, the optimal replacement level of both GGBFS and CCA for 
optimum strength is obtained at 60% and 40% respectively. GGBFS and CCA-based GPC shows an 
emerging sustainability in place of PCC which can be utilized in general construction as a structural 
and non-load bearing concretes. Therefore, it is of great realistic importance to state that this study 
contributed to the engineering and emerging innovation for a sustainability world. It utilized the 
chemistry of materials for sustainable buildings, cities, and communities. Also, it established model 
equations to predict the compressive strength with respect to the density of the concrete. 
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